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University, Portland, OregonABSTRACT In hair cells, although mechanotransduction channels have been localized to tips of shorter stereocilia of the
mechanically sensitive hair bundle, little is known about how force is transmitted to the channel. Here, we use a biophysical
model of the membrane-channel complex to analyze the nature of the gating spring compliance and channel arrangement.
We use a triangulated surface model and Monte Carlo simulation to compute the deformation of the membrane under the action
of tip link force. We show that depending on the gating spring stiffness, the compliant component of the gating spring arises
from either the membrane alone or a combination of the membrane and a tether that connects the channel to the actin cytoskel-
eton. If a bundle is characterized by relatively soft gating springs, such as those of the bullfrog sacculus, the need for membrane
reinforcement by channel tethering then depends on membrane parameters. With stiffer gating springs, such as those from rat
outer hair cells, the channel must be tethered for all biophysically realistic parameters of the membrane. We compute the
membrane forces (resultants), which depend on membrane tension, bending modulus, and curvature, and show that they
can determine the fate of the channel.INTRODUCTIONMechanotransduction occurs in hair cells when the hair
bundle, a cluster of actin-rich stereocilia, is deflected by a
mechanical force, which directly gates the elusive transduc-
tion channel (reviewed in (1); see Fig. 1). The tip links, which
are unique extracellular filaments that interconnect stereocilia
along the mechanically sensitive axis, are thought to couple
stereocilia shear to channel gating ((2); Fig. 1). Although
the channels have been localized to the base of the tip link,
at the tip of a short stereocilium, little is known at the molec-
ular level as to how the tip link couples to the channel.
An influential model of mechanotransduction kinetics (3)
introduced an ad hoc element, the gating spring, which
transmitted force to the transduction channel. Later, mea-
surements of the mechanics of the bullfrog hair bundle
provided direct evidence for the gating spring (4); subse-
quent experiments estimated the stiffness of an individual
bullfrog gating spring (kg) to be ~0.5–0.8 mN/m (5,6). In
rat outer hair cells, treatment with calcium chelators
(thought to disengage the gating springs) reduced the
whole-bundle stiffness Kg by ~1.2 mN/m. Given that kg ¼
Kg/Ng
2
b, where N is the number of gating springs (~80)
and gb is a geometric factor for the bundle (0.11 for rat outer
hair cells), kg is also ~1.2 mN/m in rat outer hair cells (7).
Although gating spring elasticity was originally assigned
to the tip link ((4); Fig. 1 b), the tip link’s morphological
features suggested that it was too stiff to be the gating springSubmitted June 6, 2011, and accepted for publication December 5, 2011.
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0006-3495/12/01/0201/10 $2.00(8). Identification of the tip link as a heterotetramer of
cadherin molecules (9) reinforced this conclusion; even
though the mechanical properties of the tip-link cadherins
have not been measured directly, molecular dynamics
simulations suggested a very stiff tip link (10).
The membrane at the base of a tip link, at the top of the
shorter stereocilium, is often pulled away from the under-
lying actin cytoskeleton, referred to as tenting ((11);
Fig. 1). Because remodeling of the actin core underneath a
functional tip link produces an asymmetric tip structure,
sometimes also called tenting (12), we avoid confusion and
refer to the membrane-cytoskeleton separation as membrane
tenting. Although the specific appearance of membrane tent-
ing could arise artifactually from electron microscopy, it
likely reflects real mechanical properties of the membrane
and stereocilia core. In resting bullfrog hair cells, the
membrane is displaced by ~15 nm from the cytoskeleton
(11) due to a resting force of ~10 pN (13,14), which implies
that membrane tenting reflects the stretching of a ~0.7 mN/m
elastic element, quite plausibly the gating spring. Occasional
micrographs show much greater membrane tenting (e.g.
(15)), consistent with elastic elongation under high force.
The elastic (compliant) element that produces membrane
tenting and the gating spring could be the stereocilia
membrane itself (Fig. 1 c). Although plasma membranes
are normally relatively flaccid, this property arises from
large stores of membrane existing in invaginations, micro-
villi, and other membrane reservoirs (16,17). The region
showing tenting upon tip link force occupies a small fraction
of the stereocilia membrane, indicating that there is adoi: 10.1016/j.bpj.2011.12.022
FIGURE 1 Arrangement of the mechanotrans-
duction complex in a pair of stereocilia, intercon-
nected by a tip link. (a) Proteins corresponding to
the tip link (CDH23 and PCDH15) as well as the
transduction channel, possible tether and bonds
connecting the membrane to the cytoskeleton.
(b–d) Three possible scenarios for the compliant
component of the gating spring. (e–h) Four
possible scenarios for force application to the me-
chanotransduction channel. (i) Image of a chicken
auditory hair bundle, with tip links indicated (white
arrows). Note rounded stereocilia tips where no tip
link is present and asymmetric tented tips where tip
link distorts the stereocilium structure. (j) Trans-
mission electron micrograph of chicken auditory
tip link showing the tip link and membrane tented
area.
202 Powers et al.large lipid reservoir provided by the external part of the
membrane. Elastic properties of membrane-to-cytoskeleton
linkers may also contribute to the stiffness of the membrane
and therefore to the gating spring itself. An argument sug-
gesting that the gating spring is not the plasma membrane,
stretched due to tension in the transmembrane protein
protocadherin 15, is that the maximal forces that can be
developed in the gating spring (>100 pN) (18) are much
larger than the force required to pull a transmembrane
protein out of the membrane (19).
Another possible source of thegating spring is hypothetical
filaments between the tip link and actin cap (15), called elastic
filaments in (8) and tethers here (Fig. 1 d). Although filaments
at this position are inconsistently seen, a general model for
gating of transduction channels (20) requires an intracellular
tether for the channel, so their existence is plausible.
In addition, it is important to estimate the forces acting on
the mechanotransduction channel in its membrane environ-
ment that govern the regime of channel gating. Under any
scenario (Fig. 1, e–h), these forces have a two-dimensional
membrane (in-plane) mode that is determined by membraneBiophysical Journal 102(2) 201–210biophysical properties and the degree of membrane defor-
mation (curvature). Indeed, the membrane forces are the
only forces that act on the channel if the channel is not teth-
ered to the actin core and the tip link is not attached directly
to the channel (Fig. 1 h). In other scenarios, the channel is
also affected by out-of-plane forces associated with the tip
link (Fig. 1 g), tether (Fig. 1 f), or both (Fig. 1 e).
Here, we use a biophysical membrane model and a
computational method to analyze the nature of gating spring
compliance, arrangement of the mechanotransduction
channel, and forces acting on the channel. We show that
the membrane, either by itself or in combination with the
tether connecting the channel to the stereocilia actin core,
can serve as the compliant component of the gating spring.
Both scenarios of the channel arrangement, a channel gated
by a membrane spring or a channel being connected to the
actin core by an elastic tether, are possible. For relatively
soft gating springs, such as that in the bullfrog sacculus,
whether or not the membrane needs reinforcement depends
on the membrane parameters. In the case of stiffer gating
springs, such as that in the rat outer hair cell, the channel
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parameters. Finally, for any position of the channel in the
tented membrane, we found the membrane forces (resul-
tants) in that area where each component of the local resul-
tant has two terms, one determined by the membrane tension
and the other dependent of the bending modulus and two
principal curvatures.MEMBRANE MODEL
Constitutive relations
To analyze the membrane environment of the mechano-
transduction channel and the nature of the gating spring,
we consider a region of the membrane on the tip of a short
stereocilium, surrounded by a larger area of the stereocilia
membrane that provides a lipid reservoir. The membrane
region under consideration originally is bonded to the
barbed ends of the actin filaments within the stereocilium.
When the bundle moves in the excitatory direction, this
membrane region with the channel is pulled by the tip
link, which results in partial debonding of the membrane
and the experimentally observed tenting.
The membrane balances the pulling force by the intrinsic
bending resistance and tension. If the channel is tethered to
the tops of the actin filaments, then the stiffness of the tether
contributes significantly to the pulling resistance of the
membrane-protein complex. In addition, the bonds between
membrane and cytoskeleton also affect the membrane force
balance.
We assume that the membrane with the channel occu-
pying a surface, S, can be described in terms of internal
energy
Em ¼
Z
S

1
2
kðc1 þ c2Þ2þkc1c2 þ g

dS: (1)
The first two terms describe the bending energy in the
invariant (independent of the coordinate system) form in terms
ofmembrane principal curvatures, c1 and c2. Here, k and k are
the bending and Gaussian moduli, respectively. The last term
in Eq. 1 is associated with membrane tension, g. This param-
eter has the meaning of a chemical potential associated with
the membrane area change. Although the introduced tension
has the same units (N/m) as the membrane resultant (force
per unit length) the two are quantitatively different membrane
characteristics (see more discussion below).
We assume that the tether performs like a vertical spring
with some (it will be estimated under different conditions
below) stiffness K. For simplicity, we also assume that there
is a single channel located at a point with the vertical coor-
dinate, h1. Other arrangements, such as two channels at two
different locations, can be considered by the same method
(see Supporting Material). The elastic energy associated
with the tether can then be presented asEt ¼ 1
2
Kh21: (2)
We assume that the membrane-actin bonding is character-
ized by adhesion energy per area,G0. If a bond is pulled away
from the cytoskeleton, it works as an elastic spring with stiff-
ness kb, up to an extension threshold beyond which it breaks.
If the bond is instead pushed toward the cytoskeleton, it can
be elastically compressed for a relatively short distance, after
which it exhibits an infinite resistance. Such bonds are char-
acterized by the following potential energy
Eb ¼
8<
:
kbz
2  G0 if z0%z%z1
N if z<z0
0 if z>z1
: (3)
Here, z is the vertical coordinate of the point on the
deformed membrane and z1 and z0 are, respectively, the
extension and compression thresholds.
The external work produced on the membrane, tether, and
bonds is associated with the tip link. Because the tip link is
shown to be relatively stiff, we do not take into account its
deformation and assume that the pulling force is known.
Assuming that the tip link pulls the membrane at the central
point with the vertical coordinate h2, and neglecting a small
angle of the force inclination, the work of the external forces
are given by the equation
A ¼ Fh2: (4)
Finally, Eqs. 1–4 constitute the potential energy of the
system in the form
P ¼Em þ Et þ Eb  A ¼
Z
S

1
2
kðc1 þ c2Þ2þkc1c2
þ gþ d1

kbz
2  G0

dSþ 1
2
d2Kh1  Fh2;
(5)
where
d1 ¼
8<
:
1 if the bond is streched
0 if the bond is broken
N if the bond is compressed
1 if the channel protein is tetheredd2 ¼ f to the actin filaments0 if the channel protein is not
tethered to the actin filaments
:
Numerical method
We use a version of the numerical method developed in
(21–23). The membrane surface is discretized by using
triangular elements (Fig. 2 a). The shape of the membraneBiophysical Journal 102(2) 201–210
FIGURE 2 Computational method. (a) Triangulation of the membrane
region. (b) Six triangles are associated with any given vertex. (c) Estimation
of the local membrane curvature. Curvature in the direction perpendicular
to the edge lij, which connects neighboring vertices i and j, is defined as
the average of the curvatures of two circles associated with two stripes
along this edge. The first circle is tangential to the stripes and has radius
R2, whereas the second circle has the same center and radius R1 equal to
the distance to edge i. The curvature is thus defined as r ¼ 0:5ðR11 þ R12 Þ.
204 Powers et al.is determined by the coordinates of the vertices and the links
between them. For each vertex, the integral in Eq. 5 is re-
placed by the sum of the corresponding terms over the links
connecting the vertex to its neighbors. The current position
of the grid is determined by the coordinates of the vertices.
The integral in Eq. 5 is averaged over the area of triangle
associated with a given vertex (Fig. 2 b). The first term on
the left side of Eq. 5 associated with the mean curvature is
approximated in the following way. First, two stripes along
each edge coming from the vertex under consideration are
introduced. In the local system associated with such edge,
the first curvature (in the direction of the edge) is equal to
zero. The curvature in the direction perpendicular to the
edge is computed by considering the internal and external
circles drawn for the wedge determined by two stripesBiophysical Journal 102(2) 201–210(Fig. 2 c). This curvature is then averaged over the area of
six triangles associated with the given vertex. Due to the
Gauss-Bonnet theorem (24) the term associated with the
Gaussian curvature is just a constant in the energy func-
tional, and it can be disregarded. The tension term is
computed by using the overall area of the triangles associ-
ated with the given vertex.
The equilibrium state of the discretized membrane is
computed by using the Metropolis Monte Carlo algorithm
(25,26), where the energy of the system is determined by
Eq. 5. There are two types of random moves involved in
the used version of the algorithm: random three-dimen-
sional movements of the membrane vertices and random
flips of the edges that change the direction of the curvature.
The latter mode is consistent with the fluid nature of the
membrane. The edge flipping occurs according to a
prescribed probability (typically, 5%). The boundary condi-
tions are provided by fixing the vertices along the contour of
the membrane. Below, we show the computational process
of the stabilization of the membrane characteristics (the
central height) as functions of the number of random steps.
Here, we consider a circular membrane area and a central
force deforming the membrane, which makes the problem
axisymmetric. However, the method used is general and
can be effectively applied to nonaxisymmetric problems
of the membrane deformation. In the Supporting Material
section, we have the results generated in two such cases,
the membrane tented area is an ellipse and the membrane
has two tethers located away from the center. For present
applications, we use the flat original state of the membrane
and proceed further with three-dimensional variations of the
variables. Thus, whether or not the final state of the system
is axisymmetric depends on the geometry of the flat (orig-
inal) area, channel tether location, and the point of the appli-
cation of the tip link force. Finally, notice that the initial
length of the tether (bond) does not matter to the system
stiffness, membrane resultants, and other obtained charac-
teristics because only the deformation-related change in
the tether (bond) length is taken into account in the energy
functional.Model parameters
In our model, the membrane is characterized by two
biophysical parameters, the bending modulus k and mem-
brane tension g. As the lipid composition of the stereocilia
membrane of the stereocilium is not presently known, we
use previously estimated parameters derived from a variety
of biological membranes. Experimentally measured
values for the membrane bending modulus k include (in
kBT) 56, 60, 55, and 40 ((27–30), respectively); previous
modeling studies used values of 10, 20, 70, and 30–80
((31,23,32,33), respectively). We therefore analyzed
membrane deformation for bending moduli between 20
and 80 kBT. In several cellular systems, membrane tension
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3  105, and 5  105 ((16,34,35), respectively); previous
modeling studies used 5 105, 5 105–102, and 1–4
104 ((31,23,32), respectively). We therefore used a range
of 104–102 N/m for membrane tension.
The mechanics of the membrane-actin filament bonds are
characterized by three parameters, G0, z1, and z0. The
membrane-cytoskeleton adhesion energy G0, which was
previously estimated to be 1  105 J/m2 in fibroblasts
(36) and 6  105 J/m2 in red blood cells (37), was con-
verted into adhesion energy per computational node by
using 250 nodes on a circular area of a radius of 50 nm
(for the elliptical areas in the Supporting Material, the cor-
responding adjustment was made). The extension threshold
z1 was assumed to be equal to 4 nm (about the thickness of
the membrane, see also (33)), and the compression threshold
z0 (whose value had a relatively small effect on the results
below) was chosen as 0.5 nm, on the order of magnitude
of an actin monomer.
Modeling results were compared to estimates of the effec-
tive stiffness of an individual gating spring, kg. These esti-
mates were obtained from the experimental stiffness of the
hair bundle using a model that includes contributions of
basal stereocilia, tip links, and channel gating mechanisms.
The estimated values were 0.5–0.8 mN/m in bullfrog
saccular hair cells (38,39) and ~1.2 mN/m for rat outer
hair cells (40).RESULTS
Pattern of membrane deformation
We first used our method to compute the characteristics of
the deformed membrane, with and without protein tethering
to the actin core of the stereocilium. Fig. 3 shows membrane
deformation in response to a tip link force of 12.6 pN. Witha bending modulus of 50 kBTand tension of 10
4 N/m, in the
absence of a tether, the stereocilia tip membrane is substan-
tially extended, reaching a central height of 25 nm, or 50%
of the radius of the tenting region (Fig. 3, a and c). Areas of
the membrane that are bonded to the actin filaments are
closer to the boundary and are shown in gray, whereas the
debonded (central) areas are shown in black. In contrast to
results with the untethered membrane, extension of the
membrane is reduced substantially with the incorporation
of a tether, modeled as a spring at the center of the tented
area. With a tether of stiffness 1.1 mN/m, close to the
maximal estimated gating spring stiffness for rat outer hair
cells, the membrane extension (height) is only 7 nm
(Fig. 3, b and d). Fig. 3, c and d, show how the computed
heights at the central point of the membrane stabilize to their
equilibrium values; oscillations of the height estimate varied
due to the random nature of iterations.
For the bare membrane case, membrane extension and
stiffness depend on the bending modulus value; force-height
and stiffness-height curves are shown in Fig. 4, a and b,
respectively, for bending moduli of 20, 40, and 80 kBT.
The external force arising for a given height depends
strongly on the bending modulus (Fig. 4 a), as does the
membrane stiffness (Fig. 4 b). With the membrane-tether
complex, tether stiffness influences the force-height and
stiffness-height relationships (Fig. 4, c and d, respectively).
With an intermediate bending modulus of 40 kBT, tether
stiffnesses of 0.25, 0.4, and 0.6 mN/m reinforce the
membrane and generate a sufficiently high stiffness of the
system.
The general pattern of membrane deformation resembles
that in images of tented membranes (e.g. (8)). The maximal
deformation is seen at the central point where the force is
applied. This deformation increases with the force, but
decreases two- to fourfold if the membrane is tethered
(Fig. 3). The force-height relationship for the bareFIGURE 3 Shape and height of untethered and
tethered membranes under tip link force. (a and b)
Shape of the membrane without and with the
channel tethered to the actin core. (c and d) Numer-
ical stabilization of the height of the membrane
region as a function of number of iterations without
and with the channel tethered to the actin core.
Parameter values used were applied to a tip link
force of 12.6 pN, membrane bending modulus of
50 kBT, membrane tension of 10
4 mN/m, tether
stiffness of 0.6 mN/m, and the membrane projec-
tion area radius of 50 nm.
Biophysical Journal 102(2) 201–210
FIGURE 4 (a and b) Dependence of untethered
membrane on membrane bending modulus. (a)
Applied force- height relation as a function of the
height of the tented area. (b) Tangent stiffness
of the membrane as a function of the height of
the tented area. Dotted, dashed, and solid lines
correspond to the membrane bending modulus
stiffness of 20, 40, and 80 kBT; membrane tension
is 104 mN/m in both panels. (c and d) Depen-
dence of membrane-tether complex on tether
stiffness. (c) Applied force-membrane height rela-
tion as a function of the height of the tented area.
(d) Tangent stiffness of the membrane-tether
complex as a function of the height of the tented
area. Dotted, dashed, and solid lines correspond
to tether stiffness of 0.25, 0.4, and 0.6 mN/m;
membrane bending modulus is 40 kBT and
membrane tension is 104 mN/m in both panels.
206 Powers et al.membrane is highly nonlinear (Fig. 4 b). Although for the
tethered membrane this relationship is also nonlinear,
because both the linear tether spring and nonlinear
membrane contribute to the balance of the applied force;
the level of nonlinearity is greater, however, in the cases
of softer anchors (Fig. 4 d). Of importance, for all tether
stiffnesses, the membrane-tether complex stiffness reaches
a constant value for membrane extensions greater than
10–15 nm, approximately equal to the rest extension of
the gating spring.
The nonlinearity of the membrane and membrane-tether
system force-height relationship is consistent with our
geometrically nonlinear membrane model (Eq. 1), which
allows for large deformation of the membrane. Although
the bonded area can be extensive (e.g., Fig. 3 b), the effect
of themembrane-to-actin bonds on the stiffness of the system
is relatively small (see Table S1 in the Supporting Material).FIGURE 5 Dependence of bare membrane chord stiffness on bending
modulus and membrane tension. Chord stiffness was computed using forces
for heights of 0 and 25 nm.Nature of the gating spring
To determine the source of the gating spring, we analyzed
the stiffness both of the bare membrane and of the mem-
brane-tether complex, using parameters appropriate for bull-
frog saccular hair cells and rat outer hair cells. The chord
stiffness, computed based on extensions of 0–25 nm,
depends primarily on the value for bending modulus and,
to a lesser extent, on membrane tension (Fig. 5). Fig. 6
shows the computed tether stiffness required for typical
gating spring stiffnesses. For a stiffness of 0.5 mN/m, the
lower bound of the gating spring stiffness in the bullfrog
sacculus, there is a range of membrane parameters for which
the bare membrane can provide the required stiffness and
the reinforcement is not needed, corresponding to the flat
region with tether stiffness of zero (Fig. 6 a). By contrast,
the inclined part of the surface corresponds to combinations
of membrane parameters for which membrane reinforce-
ment is needed. Fig. 6, b and c, show the tether stiffnessBiophysical Journal 102(2) 201–210required to produce overall membrane-anchor chord stiff-
ness of 0.8 mN/m (upper bound of the gating spring stiffness
in the bullfrog sacculus) and 1.2 mN/m (estimated gating
spring stiffness in rat outer hair cells), respectively. In
both cases a tether is required to achieve this overall stiff-
ness with realistic membrane properties.
Our results indicate that the deformable component of the
gating spring is either the stereocilia membrane itself or,
more likely, the membrane in a complex with a tether.
Although tangent and chord stiffness of the bare membrane
both increase with the membrane bending modulus and
tension, the effect of the bending modulus is much more
significant. Stiffer membranes (with high bending modulus
and tension) can have stiffness up to 0.8 mN/m (Fig. 5),
and therefore such membrane could in principle constitute
the compliant component of the gating spring in the bullfrog
sacculus. Softer membranes can have chord stiffness as low
as 0.2 mN/m (Fig. 5), well below the estimated stiffness of
the gating spring, so such membranes need reinforcement.
The relative contribution of the membrane and tether to the
overall stiffness of the membrane-tether complex depends
on specific parameter values, but in general, the contribution
FIGURE 6 Tether stiffness required to generate specific stiffnesses for
the membrane-tether complex. Tether stiffness are indicated for an overall
complex stiffness of 0.5 (a), 0.8 (b), and 1.2 mN/m (c) as a function of
membrane parameters. The flat part of the gray surface in a indicates that
the bare membrane can provide the required stiffness for a given combina-
tion of the membrane parameters.
Stereocilia Membrane and Gating Spring 207of themembrane is significant. Because of the nonlinearity of
the force-height relationship for the membrane, the tangent
stiffness decreases with the height of the tented area. As a
result, the contribution of the tether stiffness increases, and
the overall stiffness of the complex tends to that of the tether
(Fig. 4). Despite the nonlinearity of the membrane force-
height relationship, the change in the membrane-tether stiff-
ness for displacements below 25 nm is not very large, and
therefore the chord stiffness represents the more accurate
tangent stiffness reasonably well.Membrane forces in the channel area
Finally, we compute the membrane in-plane forces (resul-
tants) in the upper part of the tented area where the channel
is located. The two components, N1 and N2, of themembrane resultant are shown in Fig. 7 as they act on a
representative membrane cut whose boundary consists of
lines parallel to directions 1 and 2. In the axisymmetric
case, they are, respectively, the circumferential and meridi-
onal directions. The component N1 (N2) is, respectively,
equal to the normal force per unit length of the boundary
line parallel to direction 2(1). We considered four different
arrangements of channel, tip link, and tether under the
action of membrane forces: in-plane membrane forces and
out-of-plane tip link and tether forces (Fig. 7 a), in-plane
membrane forces and out-of-plane tether force, with the
tip link attached to the membrane away from the channel
(Fig. 7 b), in-plane membrane forces and out-of-plane tip
link force (Fig. 7 c), and in-plane membrane forces with
an untethered channel and a distantly attached tip link
(Fig. 7 d).
To calculate the membrane resultants in the meridional
and circumferential directions, focusing on the upper part
of the tented area where the channel is located, we assumed
an axisymmetric membrane shape, membrane tension of
104 N/m, and bending modulus of 50 kBT. Fig. 7, e–h,
present the membrane resultants for a central membrane
height of 45 nm (Fig. 7, e and f), and 35 nm (Fig. 7, g and
h). Each component of the membrane resultant consists of
two terms; the first one corresponds to a constant membrane
tension g, whereas the second variable component depends
on the bending modulus and membrane curvature. If a
deformed shape has two different curvatures (e.g., Fig. 3),
the two components being significantly different; the merid-
ional component is extensive, whereas the circumferential
one is compressive. Both components differ frommembrane
tension, g; interestingly, half of their sum is equal to
membrane tension (see the Supporting Material).DISCUSSION
Implications for the arrangement of the
mechanotransduction channel
Although the hair cell’s mechanotransduction channel has
not been identified, our simulations can illuminate the
channel’s arrangement in the membrane. Our results indi-
cate that neither of two scenarios, the channel being unteth-
ered to the membrane or being tethered to the actin core, can
be conclusively ruled out. In the case of the bullfrog
sacculus, where the estimated stiffness of the gating spring
is as low as 0.5 mN/m, there is a biophysically reasonable
set of membrane parameters for which the channel does
not need to be anchored (flat gray surface in Fig. 6 a).
However, the calculation of the bullfrog gating spring stiff-
ness assumes that measured bundles have all of their tip
links, which may not be the case; experiments usually detect
only about half the theoretical complement (11), which
suggests that the actual gating spring stiffness is higher,
therefore requiring a tether.Biophysical Journal 102(2) 201–210
FIGURE 7 Forces acting on the channel. N1 and N2 are components of in-plane membrane force (resultant); F and Ft are the out-of-plane tip link and tether
forces. Assuming axisymmetry of membrane shape, N1 and N2 are normal to the meridional and circumferential directions along the membrane surface.
(a–d) Four channel-gating configurations, which correspond to those depicted in Fig. 1, e–h. Possible combinations of the applied forces include: (a) all
four force components, (b) in-plane membrane forces and out-of-plane tether force, (c) in-plane membrane forces and out-of-plane tip link force, and (d)
purely in-plane membrane forces. (e–h) Computed values for components of the membrane resultants in the upper part of the tented area, where the channel
is located. (e and f) Meridional and circumferential components of the membrane resultant for a central height of 45 nm; (g and h) are meridional and circum-
ferential components for a height of 35 nm. The membrane bending modulus is 40 kBT and membrane tension is 10
4 mN/m in e–h.
208 Powers et al.At 1.2 mN/m, the estimated stiffness of an individual
gating spring in a rat outer hair cell is greater than that of
bullfrog sacculus; in this case, the channel must be anchored
for any combination of reasonable membrane parameters
(Fig. 6 c). The required stiffness of the tether, which ranges
from 0.1 to 1 mN/m, increases with a decrease either in the
membrane bending modulus or in the membrane tension,
which indicates that more reinforcement is needed for
more compliant membranes.
Although the biophysical parameters for the stereocilia
membrane are not presently known, measuring their values
will allow us to more decisively establish the nature of the
gating spring. Because only stiffer bare membranes can
sustain the tip link forces in the bullfrog sacculus, if future
data show a relatively compliant stereocilia membrane, the
untethered channel scenario would be excluded. However,
in the case of both the bullfrog sacculus and rat outer hair
cell, it seems most likely that a tether is required to provide
a sufficiently stiff and linear gating spring.
In either case, it is notable that the gating spring stiffness
only reaches a constant level with extensions of 10 nm or
greater. Resting force generated by the adaptation motorBiophysical Journal 102(2) 201–210extends the gating spring ~15 nm (13); this would position
the transduction machinery in the gating spring’s linear
range, allowing precise encoding of mechanical stimuli.
The transduction channel is under the action of a combina-
tion of forces. Unlike situations where a stretch-activated
channel responds to isotropic membrane forces, here
(because of different principal curvatures) membrane forces
have two different components. In addition, there are out-of-
plane forces from the tip link, if force is applied directly to
the channel, and the tether, if the channel is anchored to the
cytoskeleton. The observed level of membrane resultant that
half-opens mechanosensitive channels in animal cells is
~103 N/m (41,42); the computed resultants shown in
Fig. 7 can reach 50% of that level, indicating that in-plane
membrane forces might significantly affect the regime of
channel gating.
The hair cell mechanotransduction and adaptation
machinery work effectively even with very large bundle
displacements (18); there, the membrane deformation is
likely an order of magnitude larger than that computed
here. Under those conditions, the membrane parameters
may be different from those corresponding to the
Stereocilia Membrane and Gating Spring 209deformation range considered in our work. In addition, the
pattern of membrane deformation might significantly
change; for example, long membrane tethers may be
extended. Accordingly, modeling of extreme regimes of me-
chanotransduction will require special consideration.Significance and model development
The approach described here can be extended to bring
further insight into the understanding of the behavior and
location of the hair cell’s transduction channel. Our compu-
tational model potentially allows for the estimation of all
components of the mechanical environment that is sensed
by the channel, including membrane in-plane forces,
bending moments, and membrane curvature. In addition,
the model can be used to compute all energy modes associ-
ated with the membrane deformation. Finally, the model can
be extended to include the rates of the membrane mechan-
ical characteristics that can also be important for opening
and closing of the mechanosensitive channel (42,43).
Further analysis of the arrangement of the mechanosensitive
channel can be developed. Present data suggest up to two
channels per stereocilium (40). Axisymmetry is not required
for our model, which allows the analysis of the membrane
behavior with proteins tethered to the actin core in several
places. Moreover, hair-cell transduction channels contribute
directly to active mechanical properties of the bundle. To
understand these phenomena, gating spring properties and
channel arrangement likely play an important role, which
can be explored using our computational approach.
Finally, our results provide information useful for identi-
fication of the hair cell’s transduction channel and its activa-
tion mechanism. Given that the stereocilia membrane is
likely to be too compliant to constitute the gating spring,
models where the transduction channel is untethered
(Fig. 1 c) or even free-floating in the membrane are less
plausible. Instead, it seems more likely that the channel is
directly coupled to the tip link and an intracellular tether,
which suggests that the channel will be part of a large stable
protein complex that includes protocadherin 15.SUPPORTING MATERIAL
Examples of non-axisymmetric problems, models with and without bonds,
computation of membrane resultants, checking against an analytical solu-
tion, two figures, a table, and references are available at http://www.
biophysj.org/biophysj/supplemental/S0006-3495(11)05424-5.
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